The count rate performance of the single LSO crystal layer high-resolution research tomograph (HRRT-S) PET scanner is limited by the processing speed of its electronics. Therefore, the feasibility of using an in-field-of-view (in-FOV) shield to improve the noise equivalent count rates (NECR) for small animal brain studies was investigated. The in-FOV shield consists of a lead tube of 12 cm length, 6 cm inner diameter and 9 mm wall thickness. It is large enough to shield the activity in the body of a rat or mouse. First, the effect of this shield on NECR was studied. Secondly, a number of experiments were performed to assess the effects of the shield on the accuracy of transmission scan data and, next, on reconstructed activity distribution in the brain. For activities below 150 MBq NECR improved only by 5-10%. For higher activities NECR maxima of 1.2E4 cps at 200 MBq and 2.2E4 cps at 370 MBq were found without and with shield, respectively. Listmode data taken without shield, however, were corrupted for activities above 75 MBq due to data overrun problems (time tag losses) of the electronics. When the shield was used data overrun was avoided up to activities of 150 MBq. For the unshielded part of the phantom, transmission scan data were the same with and without shield. The estimated scatter contribution was approximately 8.5% without and 5.5% with shield. Reconstructed emission data showed a difference up to 5% in the unshielded part of the phantom at 5 mm or more from the edge of the shielding. Of this 5% about 3% results from the difference in the uncorrected scatter contribution.
The latter is especially important when high activities are required for tracers with low brain uptake or when multiple animals are scanned simultaneously.
(Some figures in this article are in colour only in the electronic version)
Introduction
Positron emission tomography (PET) offers the opportunity to perform high resolution measurements of the distribution of a radiotracer in both patients and small animals. Using these measurements it is possible to quantify the pharmacokinetics of the tracer, from which physiological parameters, such as flow, metabolic rates and binding potential of neuroreceptor ligands, can be derived. In particular, for small animal studies high spatial resolution needs to be combined with high sensitivity (Chatziioannou 2002 , Myers 2001 .
Recently, the applicability of a single LSO crystal layer high-resolution research tomograph (HRRT-S) PET scanner for small animal studies has been described (Boellaard et al 2003) . The HRRT-S has high spatial resolution, but its count rate performance is limited due to dead time losses and data overrun problems for activities in the FOV exceeding 75 MBq. Although in general high activities are not used in dynamic small animal scans due to low specific activities of the radiopharmaceuticals, they may be required for full saturation studies (Liefaard et al 2003) , or when multiple animals are scanned simultaneously. Although dose may be lowered in these latter studies, this would result in higher noise levels or longer scan times.
The purpose of the present study was to investigate the feasibility of using an in-FOV shield, i.e. a lead shield located entirely in the FOV, in order to improve the image quality and noise equivalent count rate of small animal brain scans. Previously, use of in-FOV filters to improve the count rate performance of a gamma camera was investigated by Muehllehner et al (1974) . In our study the in-FOV shield is used to shield high activities in the body of the rat, which are of no interest for the study but cause increased dead time losses. A number of measurements were performed to evaluate the possible improvement in count rate performance and to assess the effects of using such a shield on the quantitative accuracy of small animal brain scans.
Methods

The HRRT-S
All scans performed in this study were obtained with a prototype single crystal layer highresolution research tomograph (HRRT) 3D PET scanner (CTI, Knoxville, TN). The scanner was designed for small animal and human brain studies. The scanner has a high resolution of ∼2.7 mm FWHM at the centre of the FOV. The FOV has a diameter of 32 cm and an axial length of 25.5 cm. Characteristics of the HRRT-S have been described in detail elsewhere (Boellaard et al 2003) . A short description of data acquisition and reconstruction is presented below.
Emission data can be acquired in 3D mode only. Collection of emission data can be performed in 64 bit list mode, i.e. each list mode word contains detector pair information, or data can be rebinned (compressed) online into 32 bit list mode, i.e. the list mode file contains lines of response or sinogram bin information. Currently, all data are rebinned into 32 bit list mode with an energy window of 400-650 keV and using a span of 9 and a ring difference of 67. The exact mechanism of data compression has been described elsewhere (Brix et al 1997) . Every millisecond a time tag is inserted in the listmode file. The acquired 32 bit list mode file can be histogrammed online into a single frame or offline into multiple frames of variable duration using the time tags inserted in the list mode file. Randoms are determined using a delayed time window technique. For attenuation correction a transmission scan can be acquired using a 740 MBq 137 Cs point source. A transmission scan energy window of 550-800 keV was applied during this study.
For image reconstruction the transmission scan is first reconstructed and the resulting mu-image is scaled to correct for the difference in photon energy between emission (511 keV) and transmission counts (662 keV). Three scaling strategies can be applied for the transmission data [1]: (1) mu-image histogram scaling, which uses the location of the peak in the histogram to determine the average linear attenuation coefficient of water for 662 keV photons and then uses the ratio of the latter value and the linear attenuation coefficient of water to scale the entire transmission scan image; (2) fixed energy scaling using the ratio of the theoretical linear attenuation coefficients at 662 and 511 keV or; (3) mu-image segmentation. After the scaling of the transmission scan image, it is forward projected to obtain a 3D attenuation correction sinogram.
Finally, emission scans are multiplied with the attenuation correction sinogram and subsequently normalized to correct for variation of sensitivity amongst all LORs. In the present study, the fully corrected 3D emission scan is Fourier rebinned (Defrise et al 1997) into 207 image planes of 1.21 mm, which are subsequently reconstructed by 2D OSEM using 2 iterations and 16 subsets. The reconstructed volume consists of 207 image planes of 256 × 256 pixels with voxel sizes of 1.21 × 1.21 × 1.21 mm 3 .
The in-field-of-view shielding
The in-FOV shield (figure 1(a)) consists of a lead tube of 12 cm length, 6 cm inner diameter and 9 mm wall thickness. It is large enough to shield the body of a rat or mouse. The in-FOV shield is placed onto a fixation table used to immobilize the animal. The shield is positioned such that the brain of a rat with an additional 1 cm spacing remains unshielded, while it shields most of the activity in the remainder of the animal. Note that the shield will be located entirely within the actual field of view, because the brain of the animal will be positioned near the centre of the 25 cm long axial FOV (i.e. the area with highest sensitivity). The 1 cm spacing is required in order to avoid shielding of oblique lines of response through the animal's brain during 3D acquisitions, as schemetically indicated in figure 1(b).
Measurements
Firstly, the effect of the shield on noise equivalent count rates (NECR) was studied. To this end a 2.5 cm diameter, 12 cm long phantom (50 cc syringe) was filled with a solution containing 740 MBq of FDG. The phantom was positioned at the centre of the axial and transaxial FOV. Count rate data were acquired for 14 h with 60 s 32 bit list mode acquisitions and 29 min intervals, both with and without the in-FOV shield. When the shield was used it was positioned in such a way that 66% of the phantom was shielded. 'Local' NECR were derived from counts in those lines of response (LOR) that passed through the non-shielded part of the phantom. The same LORs were used for the NECR measurement without shield. NECR was calculated by Strother et al (1990) : with T and R equalling the trues rate and randoms rate for LORS through the non-shielded part of phantom. In addition to the NECR data, the number of time tags in each emission scan is studied as a function of total activity in the phantoms to evaluate data overrun problems. Because the data are obtained using 60 s acquisition, each listmode file should contain 60 000 time tags. Secondly, a number of experiments were performed to assess the effects of the shield on the accuracy of the reconstructed activity distribution within the brain.
(1) Cs-137 based transmission scans were acquired for 2, 5, 10 and 20 cm diameter phantoms without shielding to investigate the feasibility of using a fixed scaling factor to convert 662 keV into 511 keV linear attenuation coefficients. This fixed scaling factor is required as the presence of a large amount of lead distorts the mu-image histograms and therefore prohibits the use of histogram-based scaling of the mu-image. Histograms of the pixel values of the reconstructed mu-images were generated to evaluate the constancy of the position of the 'water attenuation value' peak as function of phantom size, i.e. the observed water attenuation values should be independent of phantom size. Use of a fixed scaling parameter for various phantoms and therefore also in the presence of shielding is allowed when no drift of the peak is observed as function of phantom size. (2) Transmission scans were acquired for the NECR phantom with and without shielding and reconstructed mu-images were compared to evaluate the accuracy of transmission scan data. 1 cm diameter ROIs were drawn in the unshielded part of the phantom and average ROI values were compared. (3) Emission sinograms obtained with less than 18 MBq in the NECR phantom were used to estimate the difference in scatter contribution with and without the shield. To determine the scatter distribution, the sinograms were summed over the angle. Scatter contribution in the phantom was estimated by interpolation of the scatter tails in the profile from data near the edge of the phantom. (4) Emission scans obtained with a total activity of ∼18 MBq in the phantom, with and without shield, were reconstructed and pixel values were compared using 1 cm diameter ROI values to asses the quantitative accuracy within reconstructed emission images. Figure 2 shows 'local' NECR as a function of total activity in the phantom for the shielded and unshielded phantoms. Higher maximum NECR can be obtained when the phantom is shielded. The higher maximum is mainly explained by reduced dead time losses and decreased data overrun. This can be derived from figure 3, where it is shown that time tag losses, which might be an indicator of data overrun, can be avoided at higher activities if the in-FOV shield is used. Without shield minor time tag losses (<5%) were observed for activities below ∼70 MBq, while severe data overrun was observed only for activities above 200 MBq without shield. Use of the shield avoided data overrun for activities up to almost 400 MBq and minor time tag losses could be avoided for activities up to ∼150 MBq. Because correct time tags are essential for quantitative dynamic studies, the in-FOV shield allows use of activities up to ∼150 MBq for these scans. Figure 4 shows the variation of the random fractions for both shielded and unshielded phantoms as function of activity. Use of the in-FOV shield decreased randoms contribution, explaining the increase of NECR for activities below 100 MBq. For these lower activities the in-FOV shield improved count rate performance by 5-10%, as shown in figure 2(b). The presence of the in-FOV shield reduces the number of soft tissue voxels 'seen' by the transmission scan, which hampers the application of the histogram scaling method for transmission scan data. Therefore, it was evaluated whether a fixed scaling parameter could be used. Histograms of reconstructed transmission scan images for several phantom sizes are shown in figure 5. This figure shows that the location of the water peak at 0.085 cm −1 is independent of phantom size, indicating that effects of transmission scan scatter are negligible or at least, on average, can be ignored during the transmission scan energy scaling. Note also that for the smallest phantom the histogram is very noisy, which could result in an inaccurate scaling of the transmission scan data. A fixed scaling parameter based on the theoretical linear attenuation coefficients for 662 and 511 keV photons may be applied, allowing for simple and accurate conversion of the transmission scan data for small objects (<5 cm diameter) in the presence of the in-FOV shield. Use of the fixed energy scaling approach resulted in linear attenuation coefficients of 0.0971 and 0.0957 cm −1 with and without shielding, respectively. Assuming a 3 cm diameter object being scanned this difference in attenuation coefficient would result in an emission quantification error of less than 1%. Figure 6 shows profiles obtained by summing an emission sinogram over angle in the non-shielded part. Tails in these profiles are assumed to represent scattered coincidences. The figure clearly shows a reduction of scatter contribution in the presence of in-FOV shielding.
Results and discussion
Scatter contributions were estimated by linear interpolation of the scatter tails near the edge of the phantoms. Scatter fractions were 0.083 and 0.055 without and with shield, respectively. As use of the in-FOV shield reduces scatter contribution, it might actually result in a more accurate quantification.
Finally, comparison of reconstructed emission scans revealed ∼5% lower pixel values for data acquired with in-FOV shield compared to data without such a shield. Approximately 3% can be explained by the difference in scatter contribution between these scans (figure 6). The remaining 2% might be caused by the small difference between transmission scan data.
Conclusion
This study describes the use of an in-FOV shield to improve the count rate performance and, therefore, image quality of small animal brain scans using a single crystal layer HRRT PET scanner. It has been shown that in-FOV shielding can be applied without loss, possibly even with improvement of quantitative accuracy. Although the present study was performed using a single crystal layer HRRT PET scanner, it is likely that results are also relevant for the higher sensitivity dual layer HRRT scanners (Wienhard et al 2002) and for other small animal scanners, provided that effects on performance are evaluated. The present study can be used as an example of such a validation study. It may be concluded that the use of in-FOV shielding can be applied accurately and allows improvement of count rate performance and reduction data of overrun problems (time tags) at higher activities and therefore may result in an improved image quality of small animal brain scans.
